Abstract. The paper presents a comparative study of three fiber optic sensors based on the fiber Bragg grating (FBG). The basic monitored parameter is the respiratory rate of the human body. Fiber-optic sensors are immune to electromagnetic interference (EMI). This fact singles them out as ideal for use in magnetic resonance environments (typically in MRI -magnetic resonance imaging) as a prediction of hyperventilation states in patients. These patient conditions arise as a result of the closed tunnel environment in MR scanners. The results (10 volunteers with written consent) were compared with the results using the conventional respiratory belt (RB) in a laboratory environment and processed using the objective Bland-Altman (B-A) method.
Introduction
Hyperventilation is a state associated with breathing activity. However, it is not a respiratory disease. Hyperventilation indicates accelerated breathing often in a quiescent state. As a result, there is a lack of carbon dioxide in the blood, resulting in hypocapnia of the organism. This process triggers hyperventilation tetanic symptoms. These symptoms are mainly tingling, or numbing, both in the limbs and throughout the body, mouth tingling and feelings of lack of air. Gradually, hyperventilative tetanus passes into strong convulsions throughout the body and unintentional jerky movements. The patient may be disoriented and irritable. Hyperventilation tetanus may last for minutes or even hours. The most common trigger is stressful situations (typically the MR scanner's tunnel environment), which causes an anxiety alarm reaction of the organism. [1] [2] The basic method of predicting hyperventilation states in MR testing today is the use of costly devices. These devices monitor breathing rate, pulse rate or both parameters at the same time. Their price, however, is very high and their dimensions large. Heart rate monitoring typically uses a special ECG (electrocardiography). The basis is 3-lead, but today, the most commonly used are 12 lead ECGs. Special electrodes are used, and the signal is then transmitted wirelessly to the control room [3] [4] .
Today, in clinical practice, pneumatic or piezoelectric respiration belts are used to monitor breathing frequency [5] . They are placed as needed on the thoracic or abdominal part of the body. These are relatively high-precision devices yet compared to fiber-optic sensors (the price of our sensors is approximately 80 dollars / sensor), their price is relatively high.
Fiber-optic sensors here represent a suitable alternative (they can compete with the price, dimensions and accuracy of sensing vital functions of the human body). Their proliferation is attested to, for example, by publications [6] [7] [8] [9] [10] [11] . This article introduces 3 different FBG sensors that differ in their form of encapsulation. These sensors have been presented individually by our author collective in previous research (chest-placed PDMS sensor [12] , the fiberglass sensor (fiberglass is a composite material made up of glass fiber (fabric) and cured synthetic resin [13] ) and PDMS PAD placed on the back [14] ). This publication presents the original results by comparing these sensors simultaneously among each other in contrast to the conventional, clinically-used respiratory belt (RB) during monitoring the breathing frequency of the human body.
Methods
The method of measuring the breathing frequency in the case of the three sensors mentioned above, uses the encapsulation of the Fiber Bragg Grating (FBG). The Bragg grating consists of a periodic structure of changes in the refraction index in the core of the optical fiber, please see Figure 1 . If the Bragg grating is appropriately encapsulated, a sensor is created that can be placed on a person's chest. The breath rate monitor uses body movements or the chest basket expansion, which is caused by inhalation and exhalation. As a result of this expansion of the thorax, pressure is exerted on the Bragg's grating, that is, changes occur in the geometrical and optical properties of the FBG sensor. These changes are manifested by the shifting of the spectral region of reflected light, referred to as the Bragg wavelength.
where je is the Bragg wavelength, is the effective refractive index and is the spatial period of grating structure [15] . The overall quantity of the proposed FBG probes can be given by:
where is the deformation coefficient, the acting deformation (in our case deformation caused by breathing activity), is the coefficient of thermal expansion, is the thermo-optic coefficient and finally symbol represents the temperature changes.
Breathing frequency is processed using the following methodology, please see Figure 2 . Unwanted noise (slight movement artefacts, muscle activity) are created by higher frequencies. On the contrary, the effect of temperature is manifested by lower frequencies. For these reasons, a third-order lowpass filter is used to establish the breathing frequency (Butterworth type) with limit frequencies from 0 to 0.5 Hz [16] . This is followed by the process of normalization and centering of the signal to the zero, median, value and the detection of peaks. Based on the detection of peaks, the Respiratory Rate (RR) can be established as follows:
where is the time mark of the -th peak and −1 is the time mark of the previous peak.
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The final step is to smooth the breathing frequency curve. A median filter (size 3 window) is used. The median filter was chosen because it is statistically more resistant to remote observation than a sliding average. [16] Fig. 2 . Signal processing -respiratory rate determination. Table 1 present baseline characteristics of the study population. Table 1 . Baseline characteristics of the study population.
All (N = 10) Age, years 38±17 Females, n (%)
Experimental setup and results
The experimental part of this publication is based on evaluated data obtained using 10 healthy volunteers with their written consent. The group of healthy 10 people consists of both males and females ages 21 to 55. The data obtained were analyzed using an objective Bland-Altman method [17] . This method is based on an assessment of the differences between the types of equipment used (our sensors and respiratory reference). The reproducibility is considered good if 95 % of the results lie within a 1.96 SD (Standard Deviation) range. The test subjects were asked to perform the most realistic MR simulation (i.e. during the measurement they were at lying down, and at rest).
A conventional spectral evaluation unit (IU) was used to evaluate the data, please see [18] . The evaluation unit works with a SLED (super luminescent diode) with a power of 1 mW, a central wavelength of 1550 nm, and a sample rating of 1 kHz. The pneumatic respiratory belt (RB) was used as a reference, please see [5] . The data was processed according to the manufacturer's instructions. Figure 3 shows a diagram of experimental measurement. We can see a placement of two FBG sensors (PDMS sensor and Fiberglass sensor) on the chest of the test subject and one FBG sensor (PDMS PAD) on the back of the test subject, also the placement of the reference on the chest (respiratory belt) can be observed. Both FBG chest sensors (PDMS sensor and Fiberglass sensor) were placed under the respiratory belt (our chest sensors are placed beneath the elastic fastening belt, whereas in the case of this study, we used an elastic respiratory reference belt). 
Discussion
Figures 5 and 6 describe examples of how individual fiber-optic sensors "follow" the course obtained from the conventional, clinically-used respiratory belt. It is very clear that there are some minor deviations. This may be caused by minor movements due to measurements (slight movement or trembling of the legs, torso rotation, slight hand movement, head movement, rapid breathing or coughing or snoring). All these minor aspects are taken into account in the results described above regarding the efficiency of all three sensors.
The signals from the FBG sensors generally correspond more in the case of men test subjects than in the case of the female test subjects. This difference is probably caused by the different physiological constitution of the subjects of the groups. In the follow-up research, we are ready to carry out a detailed analysis of the influence of these above-mentioned artifacts.
Conclusion
This publication presents the original results of a comparative study of the current issue of using fiber-optic technology in biomedical applications. The results include the use of 3 prototypes of FBG sensors encapsulated into silicone polymer polydimethylsiloxane (PDMS) and fiberglass (fiberglass is a composite material made of glass fiber (fabric) and cured synthetic resin). The measured data were compared using an objective Bland-Altman analysis. The results of the Bland-Altman analysis show satisfactory values (for all three prototypes of FBG sensors more than 95 % of the values lie within ± 1.96 standard deviation range). The most accurate results were recorded for the prototype PDMS sensor (chest), where a value of 97.27 % was recorded. Fiberglass sensor is characterized by the value 96.95 % and PDMS PAD sensor by the value 96.32 %.
